In this work, the structural, electronic properties, 14 N NQR parameters and first hyperpolarizability of W(CO) 5 L, L=(4-pyridylmethylene)malononitrile complex were computed in gas phase by hybrid functional PBE method with LanL2DZ, and 6-311G(d,p) basis sets for transition metal and man group elements, respectively. Also, the solvent effect on structural parameters, frontier orbital energies of complexes has been carried out based on Polarizable Continuum Model (PCM). The results indicate that the polarity of solvents has played a significant role on the structures and properties of complex.
INTRODUCTION
The chemistry of the M(CO) 5 L transition metal complexes has been comprehensively surveyed for the reason that of exclusive properties of the compounds belonging to the organometallic species. Since pyridine and its derivatives are utilized in many chemical structures of biomedical and industrial fields they have been investigated widespread [1] [2] [3] [4] [5] . Many theoretical and experimental researches have been reported for these complexes [6] [7] [8] .
The W(CO) 5 L (L = a substituted pyridine) system is of individual importance because these complexes were the first 6 metal carbonyls observed to luminescence in frozen glasses [9] [10] [11] [12] and in fluid [13, 14] . Linear and secondorder non-linear optical (NLO) properties of W(CO) 5 L complexes (where L is pyridine or its 4-substituted derivative) have been explored systematically [15] [16] [17] [18] [19] [20] [21] [22] [23] . The synthesis, structure and electronic absorption spectra of W(CO) 5 -pyridine-π-acceptor complexes have been studied [24] .
Solvent shows a considerable role in physical and chemical processes. The specific and non-specific interaction between the solvents and the solute molecules changes several properties similar to molecular geometry, electronic structure and dipolar moment of the solute [25] [26] [27] [28] [29] [30] .
This paper reports a computational study of W(CO) 5 L, L=(4-pyridylmethylene)malononitrile complex. The structural, electronic, spectra properties and first hyperpolarizability of this complex in solution and gas phases have been explored theoretically.
Computational method
All calculations were carried out with the Gaussian 09 suite of program [31] . The calculations of systems containing of main group elements described by the standard 6-311G(d,p) basis set [32] [33] [34] [35] . For tungsten element standard LANL2DZ basis set is used [36] [37] [38] . Tungsten described by the effective core potential (ECP) of Wadt and Hay pseudopotential [36] with a double-x valance using the LANL2DZ. Geometry optimization was performed utilizing the hybrid functional PBEPBE method [39] . A vibrational analysis was performed at each stationary point found, that confirmed its identity as an energy minimum.
For the study of solvation effects, we have used a self-consistent reaction field (SCRF) approach, using the polarizable continuum model (PCM) in particular [40] . Using this method, the geometry of the studied complex was re-optimized and the UV/Vis spectrum was calculated by DFT/TD-DFT with the same functionals and basis sets.
The population analysis has also been performed by the natural bond orbital method [41] using NBO program [42] under Gaussian 2009 program package.
The information of the MOs was evaluated by total, partial and overlap population density of states (DOS) using the GaussSum 3.0 [43] .
The ionization potential (IP) and electron affinity (EA) can be either for vertical excitations (v, at the geometry of the neutral molecule) or adiabatic excitations (a, optimized structure for both the neutral and charged molecule).
The λ electron is electron reorganization energy, which can be expressed as follows:
EEP (electron Extraction potential) is the energy difference from E to E − (anionic), using E − geometric structure in the calculation.
Likewise, λ hole for hole transfer can be expressed as follows:
HEP (hole Extraction potential) is the energy difference from E (neutral molecule) to E + (cationic), with using E + geometric structure in the calculation. The AIM2000 program [44] was used for topological analysis of electron density and calculation of delocalization index. The following characteristics of ring critical points (RCPs) were taken into account: density at RCP (ρ(rc)), and its Laplacian (∇ 2 (r c )). The total static first hyperpolarizability β was obtained from the relation: Due to the Kleinman symmetry [45] : β xyy = β yxy = β yyx ; β yyz = β yzy = β zyy ,… one finally obtains the equation that has been employed:
The electrostatic interaction of a nuclear electric quadrupole moment and the electron charge cloud surrounding the nucleus can give rise to the observation of pure Nuclear Quadrupole Resonance (NQR) [46] . The Hamiltonian of this interaction for a nucleus of spin I is given [47] :
where all values of I in the denominator are scalar values while all I' s in the square brackets are operators [48] . Quantum chemical calculations yield principal components of the EFG tensor, q ii , in atomic units (1 au = 9.717365 × 10 2 1 Vm -2
) [8] , with q zz  ≥ q yy  ≥ q xx . q xx , q yy and q zz are the components of EFG in the directions of x, y and z, respectively. The calculated q ii values were used to obtain the nuclear quadrupole coupling constants, χ ii :
where Q is the nuclear quadrupole moment of the 14 N nucleus. The standard values of quadrupole moment, Q, reported by Pyykkö [49] were used in Eq. Chemical shift values are calculated using the Gauge independent atomic orbital (GIAO) [50] method at the same method and basis sets for optimization. GIAO method calculating nuclear magnetic shielding tensors is one of the most known approaches.
RESULTS AND DISCUSSION

1.
Energetic aspects: Figure 1 presents the structures and numbering schemes of atoms in the studied W(CO) 5 -pyridine-π-acceptor complex. The energies of the complex in gas phase and in different media by using the PCM model are listed in Table  1 . From Table 1 , we can see that the calculated energy is dependent on the size of the dielectric constant of solvents. In the PCM model, the energies E decrease with the increasing of dielectric constants of solvents. On the other hand, E solv values indicate to increase stability in more polar solvents (E solv = -0.282 ε -5.904; R 2 =0.957). This is because a dipole in the molecule will induce dipole in medium, and the electric field applied to the solute by the solvent (reaction) dipole will in turn interact with the molecular dipole, leading to net stabilization. This suggests that the complex has more stability in polar solvent rather than in the gas phase. since it measures the deviation of the field gradient tensor from axial symmetry.
For a nucleus of unit spin (such as 14 N), we have three energy levels, so we get three nuclear quadrupole resonance frequencies [47] 
2.
IPs and EAs The ionization potential (IP) and electron affinity (EA) are well-defined properties that can be calculated by DFT to estimate in the compounds. These values aim to get an in detail rationalization of the relationship between the structure and the electronic behavior of the molecule, in particular the response of the molecule to the formation of a hole, or to the addition of an electron, additional information is derived. IPs, EAs, both vertical and adiabatic, and the extraction potentials values (HEP and EEP for the hole and electron, respectively) that refer to the geometry of the ions have been calculated [51, 52] . It can be found, the IP a in molecule is 7.81 eV and the value of IP v is 7.70 eV. On the other hand, the EA a value is 2.70 eV. And the EA v for molecule is 2.80 eV.
The mobility of charges has been established to be related mainly to the internal reorganization energy λ hole/electron . It can be found; the λ hole and λ electron values are 7.53 and 2.59 eV, respectively. The comparison of these values show that the λ hole values for molecule is more than its corresponding λ electron values, which indicates that the electron transfer rate is higher than the hole transfer rate.
3.
Dipole moments. Dipole moment values of W(CO) 5 -pyridine-π-acceptor complex in gas phase and in different media by using the PCM model are listed in Table 1 . These values show the solvent effect on the stabilization energy is in parallel with that on the dipole moment of the solute. There is a good linear relationship between the solvent stabilization energies and the dipole moments molecule in the set of solvents with the correlation coefficient is 0.958 (µ = 0.05ε + 3.665).
Namely, there is the larger the dipole moment of solute, and the higher the stabilization energy in the stronger the solvent polarity. Also, there is a good correlation between dipole moment and dielectric constant with the correlation coefficient is 0.958.
isotropic and anisotropic polarizability
The isotropic and anisotropic polarizability values of the complex in gas phase and in different media by using the PCM model are listed in Table 1 . These values show that the isotropic and anisotropic polarizability values increase with the increasing of dielectric constants of solvents ( Figure 2 ). In addition, the polarizabilities are also noted to increase as the dielectric constant of the solvent is decreased. The dipole moments of the molecules are also noted to follow the same trend as their polarizabilities.
5.
Structural parameters The selected bond distances of W(CO) 5 -pyridine-π-acceptor complex are collected in Table 2 . It is well-known that the solvent polarity influences both the structure and properties of conjugated organic molecules and metal complexes [53] [54] [55] . The structural data for the optimized structures of W(CO) 5 -pyridine-π-acceptor complex in six studied solvents are gathered in Table 2 .
The results show that the structural parameters are changed by the polarity of the surrounding media. These values indicate lengthening of W-C trans , W-C cis , and shortening of W-N bonds in the set of solvents rather than gas phase. On the other hand, there are shortening of W-C trans , W-C cis , and lengthen of W-N bonds with increasing of polarity of solvents. To get insight into the influence of the optical and electronic properties, the plots of the frontier orbitals for these molecules are investigated, and their sketches are presented in Figure 3 . Molecular orbital analysis show that HOMO and LUMO are of the π characteristics as visualized in Figure 3 . Frontier orbital analysis presents the frontier orbitals are included on the all atoms of molecule.
In addition, the total density of states (DOS), and overlap population density of state (OPDOS) of title complex have been presented in Figure 3 to observe the varieties of the HOMOs, LUMOs, and energy gaps more easily and vividly. These spectra provide graphical representation of MO compositions and their contributions to chemical bonding. The OPDOS spectra can help us to analyze the bonding (positive value), antibonding (negative value), and nonbonding (near zero value) characters with respect to the particular fragments. Although theoretical results are not exactly close to the experimental values [56] for the title molecule, this may be due to the fact that the theoretical calculations were aimed at the isolated molecule in gaseous phase and the experimental results were aimed at the molecule in the solid state. The calculated geometric parameters also represent good approximation and they can be used as foundation to calculate the other parameters for the compound. 
6.
Frontier orbitals energy The influence of solvent nature is reflected not only in the geometric parameters of the molecules, but also in the energies of frontier orbitals. It is well-known that the frontier orbitals energy and HOMO-LUMO gap values are closely related to the optical and electronic properties.
Inclusion of solvation effects leads also to changes on the molecular orbital energies (Table 3 ). In solution, with respect to the corresponding values in vacuum due to the effect of polarization of the media, frontier orbitals are destabilized.
On the other hand, the HOMO-LUMO gaps in solvated media are higher than in the corresponding values computed in vacuum. 
7.
Vibrational analysis The stretching frequencies of carbonyl and cyanide in the studied W(CO) 5 -pyridine-π-acceptor complex are gathered in Table 4 . The scheme of these vibrations is presented in Figure 4 . The comparison of carbonyl stretching frequencies in vacuum and solution phases shows more value in vacuum phase. On the other hand, the cyanide stretching frequencies increase in solution phase rather than gas phase. There is a good correlation between experimental values and theoretical values. The correlation coefficients of the dependency of the frequencies with dielectric constants are: 0.958, 0.966, 0.952, and 0.947, for υ 1 , υ 2 , υ 3 , and υ 4 , respectively. 
8.
Thermodynamic properties Based on the vibrational analysis of our title molecule, the thermodynamic parameters such as Heat capacity (C v ), entropy (S) and enthalpy (H) were calculated and are listed in Table 5 . It can be seen that, when the temperature increases from 100 to 1000 K the thermodynamic functions (C v , S, H) increases, because molecular vibrational intensities increase with temperature [57] . Table 6 . Relative chemical shifts were estimated by using the corresponding TMS shielding calculated in advance at the same theoretical level as the reference.
The studied molecule has two hydrogen atoms in the pyridine ring and a hydrogen atom attached to C4. The proton signals were observed at 8.34 and 7.23 ppm for ring hydrogen atoms in gas phase. In solution phase, these values are 8.39-840, 7.42-746, and 7.30-7.39, H1, H2, and H4, respectively. The chemical shift of proton numbered H1 and H2 are higher than H4 atom. It means that the electronic charge densities around the H1 and H2 are lower than H4.
The signals of carbonyl carbon atoms were observed at 206.82 and 137.69 ppm for C trans and C cis , respectively, in gas phase. These atoms have larger chemical shifts than the other ring carbon atoms because of electronegativity of oxygen atoms.
The signals of aromatic carbon atoms were observed at 153.37, 118.83 and 134.16 ppm, respectively, in gas phase. C1 atom has larger chemical shift than the other ring carbon atoms because of electronegativity of nitrogen atoms.
The relations between the experimental and calculated chemical shifts are investigated in gas and solution phases and correlation coefficients are gathered in Table 6 . 
9.
Hyperpolarizability It is illustrated that solvent polarity participates an important role on the first hyperpolarizabilities in dipolar molecules.
The β tot values of W(CO) 5 -pyridine-π-acceptor complex in the various solvents have been gathered in Table 7 . These values indicate that β tot values increase from vacuum to solution phase. The dependence of the first hyperpolarizability of the studied compound on both the dielectric constant of the media and the Onsager function has been investigated [58] . Correlation between β tot with ε and (ε-1)/(2ε+1) is typical for a dipolar reaction field interaction in the salvation process [58] [59] [60] [61] (R 2 =0.954 and 1.00, respectively). Therefore, the electronic reorganization in solution for title complex plays a significant effect on the resulting first hyperpolarizabilities. 
Natural bond orbital analysis (NBO)
According to the NBO results, the electron configuration of W is [core]6 S(0.46)5d(6.09)6p(1.02)6d(0.02) in title complex. Thus there exist only 7.58 valence electrons. This is consistent with the calculated natural charge on W atom (-1.55) which corresponds to the difference between 7.58 e and the total number of valence electrons in the isolated W atom.
The stabilization energy E(2) is estimated by second order perturbation theory in terms of NBO analysis. Figure 5 depicts the natural charges on atoms. The largest negative charge is located on W.
The most important interaction between ''filled" (donor) Lewis type NBOs and ''empty" (acceptor) non-Lewis NBOs is reported in Table 8 . This shows that the most charge transfer energy is for LP (2) O trans → BD*(2) W-C trans .
Also, NBO analysis indicates W atom forms bond with carbon atoms. NBO analysis shows that, the σ(W-C) bond is formed from a sp ), total electron energy density, H(ρ), kinetic energy density, G(ρ), and potential energy density, V(ρ) at the W-C and W-N critical points for W(CO) 5 L, L=(4-pyridylmethylene) malononitrile complex. 
11.
14 N-NQR parameters The distortion of the charge distributions around the nitrogen atom has been investigated, and interpreted by EFGs. Since the EFG around a nitrogen nucleus is symmetric in N 2 free molecule, the calculated values of NQR parameters for N 2 molecule are η Q = 0 and ν cal Q = 4.258 MHz. The calculated NQR frequencies of nitrogen atom of pyridine in the studied W(CO) 5 -pyridine-π-acceptor complex in gas phase and different solvents are listed in Table 9 . As shown in Table 9 , the magnitude of the χ zz decreases and η values increase in the solution phase rather than in the vacuum phase. On the other hand, υ + , υ -, and υ 0 frequencies are dependent on polarity of the solvents. Table 9 represents correlation coefficients of linear relationships between 14 NQR parameters values and dielectric constants.
Electronic spectra We found the most intense electronic transition (λ max ) of molecules in different solvents. The wavelength, oscillator strength and the composition of the transitions obtained by TD-DFT calculations are given in Table 10 . Theoretical calculations indicate that, HOMO →LUMO+5 transition in title molecule makes the major contribution in this electronic transition. On the other hand, inclusion of solvent leads to changing of λ max values. The λ max values decrease with increasing of polarity of solvent.
AIM analysis
It has been proved that the AIM-based analysis of electron density can provide valuable information on many physical and chemical properties of molecular systems [62] [63] [64] [65] [66] . Table 11 indicates that ∇ 2 ρ values of W-C cis , W-C trans , and W-N bonds at corresponding BCPs are positive, as it was found for closed-shell interactions. On the other hand, the H(ρ) values are negative, as found for shared interactions. This is in agreement with observations made for the Ti-C bonds in titanium complexes [67] and transition metal carbonyl clusters [68] , in the case when the metal-ligand bonding has a characteristic that represents a mix of the closed-shell and shared parameters. The strong polar character is also revealed by the large G(rb)/ρ(rb) ratio and atomic charges, while the covalence is manifested by large and negative H(rb)/ρ(rb) ( Table 11) .
Moreover, the H(ρ) values are more negative for W-C cis and W-C trans , which is directly connected with greater relative predominance of V(ρ) magnitude over the G(ρ) magnitude. This suggests a more covalent character of the W-C cis and W-C trans bonds. Furthermore, W-C cis and W-C trans bonds have more negative H(ρ) values rather than W-N bond. Generally, when the value of |H(ρ)| are greater (with negative sign), there is more covalent character of the bond.
CONCLUSION
In this paper, the structural and spectroscopic properties of W(CO) 5 L, L=(4-pyridylmethylene)malononitrile complex were studied by means of PBEPBE method which indicated:
1.
E solv values indicate the increasing of stability of title complex in more polar solvents.
2. Molecular orbital analysis shows that HOMO and LUMO are of the π characteristics, and they are distributed on all atoms of the molecule.
3.
The hyperpolarzability values increase from vacuum to solution phase, and are dependent on the dielectric constant of the media and the Onsager function.
The
14
N NQR parameters show that the magnitude of the χ zz decreases and η values increase in the solution phase rather than in the vacuum phase.
5. AIM analysis shows that W-C bonds have more covalent characters than W-N bond.
6. The theoretical chemical shift values of 13 C and 1 H NMR spectra are compatible with experimental results.
